During the hot application of bitumen-containing materials, e.g. in road paving or roofing, fumes are emitted that contain traces of polycyclic aromatic compounds (PACs). Although worker's exposure to these fumes is low, it might lead to health problems. For studying DNA adduct formation as a consequence of inhalation of bitumen fumes we developed and validated an inhalation system (a dynamic fume generator plus a nose only inhalation chamber).
INTRODUCTION
Bitumens contain polycyclic aromatic compounds (PACs) some of which are present in the fumes emitted during hot handling of bitumen-containing products, for example in road paving or roofing. Although levels of exposure of these workers are low, there is a possibility of long-term health effects following chronic exposure. The worker exposure routes are inhalation and skin contamination. In the past, coal tar-containing materials have also been used in this type of application. While coal tars have been classified by IARC in group 1 (compounds carcinogenic to humans), bitumens have been classified (IARC, 1985 (IARC, , 1987 in group 3 (compounds not classifiable as to their carcinogenicity to humans) and extracts of steam-refined and airrefined bitumens in group 2B (possibly carcinogenic to humans).
In a recent publication, Partanen and Boffetta (1994) have examined the twenty epidemiological studies which have described cancer risk in asphalt workers and roofers in various countries. They concluded that there were indications of increased risks for lung, stomach and non-melanoma skin cancers, and for leukaemia in roofers, although some of the excesses might be attributable to PAHs from coal tar products. The relative risks of the same cancers in road pavers and highway maintenance workers were lower than those in roofers. The feasibility of a European epidemiological study of cancer risk among asphalt workers has been assessed (Partanen et al, 1995) .
With the aim of identifying a selective exposure biomarker, two studies were undertaken with bitumen fume condensates and using fume condensates from coal tar as a positive reference material. These studies of DNA adduct formation in vitro (De Meo et al, 1996) and in vivo after skin painting indicated that some of the adducts detected in the lymphocytes might be used as markers of exposure to bitumen fumes. A third study, using nose only inhalation, was undertaken in order to determine whether the same DNA adducts could be found as a marker of inhalation . For this purpose, we developed and validated an inhalation system (fume generator plus exposure chamber) in which the fumes generated at the level of 5 mg/m 3 total particulate matter (TPM) were representative of those sampled in field exposure studies (Bonnet et al, part 1 of this study, this volume). The 5 mg/m 3 level corresponds to the personal exposure limit for bitumen/ asphalt fumes at the time of the planning of the tests (ACGIH, 1995) . In addition to the bitumen fumes at the 5 mg/m 3 concentration, we used, as positive control, coal tar fumes generated at 110°C. We also analysed bitumen fumes at a concentration of about 50 mg/m 3 . The bitumen fumes were generated at a temperature of 200°C, the high end of the range used in asphalt application, while the coal-tar fumes were generated at 110°C, a typical application temperature for this material.
In this study four groups have collaborated.
• Most of the data generated was complementary, data obtained with more than one lab was used for comparison. This paper presents and discusses the chemistry (qualitative and quantitative) of the fumes obtained from bitumen at the 5 mg/m 3 and 50 mg/m 3 levels and from coal tar at the 5 mg/m 3 .
MATERIALS AND METHODS

Products tested and conditions
The same 900 kg batch of bitumen (45/60 pen) derived from Venezuelan crude oil, was used in all the studies described in Part 1 of this study. All samples of coal tar likewise were taken from the same batch of coal tar. Bitumen fumes were generated at 200°C, while coal tar fumes were generated at 110°C.
Fume generation and inhalation equipment
The equipment described in Bonnet et al (part 1 of this study, this volume) and validated for bitumen fumes at the target level of 5 mg/m 3 was used under the conditions listed below: Scheduling. Studies with the 5 mg/m 3 bitumen fumes were conducted first and these were followed with the 5 mg/m 3 coal tar fumes. Subsequently, after analysis of the results of these two studies, a further study was conducted with bitumen fumes at a target concentration of 50 mg/m 3 . In order to prevent possible contamination of bitumen fumes by coal-tar components the generation equipment was thoroughly cleansed with dichloromethane followed by generation of bitumen fumes for 3 weeks, before the study with 50 mg/m 3 was conducted. Bitumen fumes target concentration: 5 mg/m 3 . For a 5 mg/m 3 bitumen fume concentration, measured in terms of TPM, a channel 2.5 cm wide was chosen and was covered with aluminium, except for an 8 cm 2 window left near the inlet. An air stream of 20 1/min was used to sweep the fumes through the fume generation chamber into the exposure chamber. Before entering the exposure chamber, the air was humidified with 10% water saturated air. Temperatures of the different components of the fume generator are given in Table 1 (operating parameters from experiment 4). They correspond to the means of temperatures (n = 173) measured every 10 min during 6 h per day on 5 consecutive days. The mean bitumen flow rate, also measured every 10 min, was 23.9 ± 2.0 g/min (n = 173).
Coal tar fumes target concentration: 5 mg/m 3 . For a 5 mg/m 3 fume concentration measured in terms of TPM, a 2.5 cm wide channel was chosen and was left fully open. Coal tar fumes were introduced in the exposure chamber as described above. Temperatures of the different components of the generator are given in Table 1 . They correspond to the means of temperatures {n = 178) measured every 10 min during 6 h per day for 5 consecutive days. The flow of this coal tar was less regular than that of the bitumen, so that the flow rate variations are greater than those observed with bitumen. The mean coal-tar flow rate, also measured every 10 min, was 35.6 + 18.0 g/min (n = 178).
Bitumen fumes target concentration: 50 mg/m 3 . To achieve the higher generation rate of 50 mg/m 3 , the narrow channel was removed and changed for a wider one (7.5 cm) that was left fully open, allowing bitumen to flow across the full width of the large channel with no portion being covered. In addition, the inlet temperature of the channel was some 30°C higher (161.4°C vs 131.7°C). Bitumen fumes were introduced into the exposure chamber as described above. Temperatures of the different components of the generator are given in Table 1 . They correspond to the means of temperatures (n = 176) measured every 10 min during 6 h per day on 5 consecutive days. The mean bitumen flow rate, also measured every 10 min, was 30.9 + 5.9 g/min (n = 176).
Sampling and analysis of the atmosphere in the inhalation chamber
The procedures used for sampling and analysis have been fully described in Part 1; therefore only a short summary is given here for the most relevant parts. Laboratory 3 analysed the samples immediately after sampling while those for Laboratories 1 and 2 were capped and stored at 4°C until shipment at ambient temperature.
The analytical methods used are presented in Table 2 .
The particulate matter was collected on filters, and the TPM was determined by weighing.
The organic phase was extracted with benzene (Laboratory 1, Laboratory 2) or tetrachloroethylene (Laboratory 3). In the case of coal tar, Laboratory 3 used dichloromethane as the extracting solvent. Laboratory 1 and Laboratory 2 determined benzene soluble matter (BSM) by weighing and Laboratory 3 quantified tetrachloroethylene soluble matter (TSM) of the bitumen fumes by an infrared spectroscopic method, calibrated with a bitumen fume condensate. For the coal tar fumes, Laboratory 3 determined the dichloromethane soluble matter (DSM) by weighing.
The vapour phase (semi-volatiles, SV) was collected on XAD-2 resin, Laboratory 1 desorbed the SV with carbon disulphide (CS 2 ) and quantified them using gas chromatography (GC) with flame ionisation detection (FID).
Determinations of PACs by Laboratory 1 were performed with GC/mass spectrometry (MS)/MS. Laboratory 2 determined the PACs in the BSM and the SV using high performance liquid chromatography (HPLC) with fluorescence detection (AMS To determine the boiling point distribution of the combined particulates and vapour phase, GC/FID was used (ASTM D 2887).
RESULTS
Homogeneity of the fume emissions
During these experiments, Laboratory 3 measured TPM, soluble matter and B[a]P and provided the data used for the statistical calculations. A summary of the TPM, TSM/DSM and B[a]P concentrations measured are given in Table 3 , last three columns. Figure 1 presents the frequency distributions for the TPM measurements for the three test series is presented in Fig. 1 .
Bitumen fumes 5 mg/m 3 : the system was validated during 6 runs, each lasting for 5 days, taking on average 2 samples per day. Over the whole 6-week period, the mean concentration of particulate matter was 5.4 mg/m 3 .
Coal tar fumes 5 mg/m 3 : during the 5-day run, the mean concentration of particulate matter was 4.0 mg/m 3 . Bitumen fumes 50 mg/m 3 : during the 5-day run, the mean concentration of particulate matter was 45.9 mg/m 3 . The experiments with bitumen at 50 mg/m 3 and coal tar at 5 mg/m 3 were conducted after a series of pre-test experiments in order to establish the parameters of the final experiments described above.
TPM, soluble matters and BfaJP
In Table 3 . The results from all three laboratories for the experiments with bitumen fumes at 5 mg/m 3 have been described in Part 1 of this study and are used for comparison with the data obtained in the experiment at 50 mg/m 3 . The data can be found in For the coal tar fumes, the BSM or dichloromethane-soluble matter (Laboratory 3 used the latter solvent because of its low boiling point) as percentage of the TPM was much lower (28-43%) than for the bitumen fumes (69% to >90%).
Bitumen fumes target concentration: 50 mg/m 3 . For bitumen fumes at the target TPM concentration of 50 mg/m 3 , again only Laboratory 3 produced enough data to provide a useful significance range. Although the Laboratory 3 TPM level was much higher than that measured by Laboratory 2, the TSM:BSM ratios were similar. The TPM and BSM values measured by Laboratory 1 were lower. All measured B[a]P concentrations were similar.
PACs
AH fumes, particulates and semi-volatiles. The PAC concentrations measured in each test series are given in Table 4 . Table 5 presents data on the contribution of the semi-volatiles on the XAD-2 cartridge to the total hydrocarbons and the highest boiling PAC found in 99% of the fume.
Comparison of PAC profiles of the 5 mg/m 3 and the 50 mg/m 3 bitumen fumes. Table 6 provides a comparison between the PAC profiles for bitumen fumes at target concentration of 5 mg/m 3 and 50 mg/m 3 . Although the same molecules are found in both fumes, their proportion is dramatically different, most notably for the 2-and 3-ring PACs. Thus the ratio of the concentration found in the 50 mg/m 3 fume to that in the 5 mg/m 3 fume declines from about 5500 for acenaphthene to about 500 for pyrene, and 20-30 for the 5 ring PACs. This means that, in the animal experiments carried out at 50 mg/m 3 with these fumes, where the animals were exposed to about 9 times higher BSM concentration, their PAC exposure has been much higher.
As function of their vapour pressure, the ratios of the concentrations of the hetero-PACs follow the same trend as that of the 16 EPA PACs and are of the same order of magnitude.
Simulated distillation of the fumes and PAC distribution. Table 7 and Fig. 3 give information on simulated distillation of total fume for each experiment, which confirms the results in Table 5 . They show that the coal tar fumes produced at 110°C contain very low-boiling substances. The 5 mg/m 3 bitumen fumes boil at temperatures 25-50°C higher. The bitumen fume at about 5 mg/m 3 TPM contains the highest-boiling compounds. For the coal tar fumes the 3-6-ring PACs are to be found in the highest-boiling few percent of the a TPM = Total particulate matter; PAC = Polycyclic aromatic compound; PAH = Polycyclic aromatic hydrocarbon; BSM = Benzene soluble matter; SV = Semi-volatiles (vapour phase). b bdl = Below detection limit.
T h e authors consider the (3-7)-ring PAH range to start with phenanthrene.
fume, while in the bitumen fumes they are found only in the highest boiling 15%. The differences seen in Table 5 are in part due to the lower fume generation temperature for coal-tar of 110°C vs 200°C for bitumen.
DISCUSSION
We developed and validated an inhalation system (fume generator plus exposure chamber) in which the fumes generated at the level of 5 mg/m 3 total particulate matter were representative of those sampled in field exposure studies (Bonnet et al. . part 1 of this study, this volume).
All concentrations were measured in the inhalation chamber at positions that allow sampling representative of the air the animals are breathing (Bonnet et al. , part 1 of this study, this volume). Hence any losses occurring between the fume generator and the inhalation chamber (e.g. due to de- position of particulates) are not relevant for the experiment, because the measured concentrations reflect the concentration the animals are exposed to. In the coal tar experiment, Laboratory 3 found much higher TPM and DSM values than the other two laboratories. Because the coal tar fume generated at 110°C was shown to be extremely volatile material (90% boiling below 300°C, Fig. 1 are dramatically different. The largest difference is found with the lightest PACs, i.e. those with the highest saturated vapour pressure. These effects of fume concentration on PAC profiles are not observed in work practice, as exemplified by the exposure data measured during indoor mastic laying (Brandt et al., 1985) . The average BSM exposure of the kettleman, who was working in the open air, was 6 mg/m 3 , while the highest personal exposure of the troweller, who was working indoors, was 23 mg/m 3 . The PAC profiles in BSM, however, were very similar, and the PAC profile of the fume generated with the Shell small-scale fume rig was almost identical to that of the troweller (Table 8) . This shows that even in indoor working environments, the PAC profiles of the fumes are virtually unaffected by high exposure levels.
Possible contamination with coal tar from previous experiment was ruled out by thorough cleaning of the equipment and the generation of bitumen fumes for more than three weeks of pre-test experiments, before the 50 mg/m 3 experiment was performed. Furthermore, the PAC profile from this experiment cannot be explained by any linear combination of the PAC profiles from experiments with bitumen fumes at 5 mg/m 3 and coal tar fumes at 5 mg/m .
One explanation for the different PAC profiles is that in the (semi-)closed fume generation and inhalation chamber set-up, used in this study, the concentration for certain compounds reached saturation when the total fume concentration is increased beyond 5 mg/m 3 . For an oil mist with a molecular weight distribution similar to that of the bitumen fumes in this study, saturation takes place between I-100 mg/m 3 total hydrocarbon concentration (Raynor et al., 1996) . There may be other explanations but further work would be required to pursue this.
CONCLUSIONS
At the 5 mg/m 3 TPM level the equipment (fume generator plus inhalation chamber) delivers a bitumen fume atmosphere representative of that in the field, in a reproducible manner. The PAC profile of the 50 mg/m 3 fume does not at all look like that of the 5 mg/m 3 fume. Although the same molecules are found in both fumes their proportion is dramatically different. The reason for those quantitative differences is unclear and further work would be needed to clarify this. Although it is recognised that the 50 mg/m 3 bitumen fume is not representative for field fumes, it was felt that this fume might be useful for qualitative detection of DNA adducts in an animal exposure study.
The coal tar fume was extremely volatile and most of the differences in concentrations of the various compounds found between the laboratories can be attributed to evaporative losses.
